system that repairs this damage could provide valuable insights into the molecular mechanisms of toxicity, identification of target organs, and evaluation of physiological state.
The epigenetic repair system is called the cellular stress response or the heatshock response. It is involved in protecting organisms from damage as a result of exposure to a wide variety of environmental stressors including elevated temperatures, ultraviolet light, trace metals, and xenobiotics. A major feature of the response is the rapid synthesis of "stress proteins" upon exposure to environ-I mental stress. Stress proteins are i highly conserved in evolution and play similar roles in organisms from bacteria to humans. Cell Under environmental stress, dramatic changes occur in the stress7O and cpn6O families, which suggest that they take on dual roles in protein protection and repair. The synthesis of stress7O increases, and it protects from stress-induced damage by binding to vulnerable proteins, preventing denaturation and the formation of insolu-I 9 ble aggregates. Stress7O can also break up existing aggregates and repair proteins to complete biological activity and guide irreparably damaged proteins to the lysosome for degradation. Environmental stress also stimulates cpn6O synthesis and induces it to prevent protein aggregation of misfolded proteins and facility renaturation and assembly into complexes. It is through these activities that stress proteins are thought to confer tolerance by maintaining the integrity of proteins and protein complexes associated with critical physiological processes.
Association of Stress Proteins with Vulnerable Cellular Targets
Early studies by Hightower, Voellmy, and others on the regulation of the cellular stress response supported the notion that the synthesis of stress proteins is related to protein damage. Heat-inducible genes include a conserved sequence referred to as the "heat-shock element" in their upstream regulatory region. The gene is activated by a protein called the heat-shock factor, which binds to the heat-shock element. Although scientists do not precisely know how heat shock or other adverse environmental conditions activate the heat-shock factor, a number of studies suggest that stressors that cause an increase in damaged or abnormal proteins activate this process. It has been suggested that stress7O plays a role in this relationship and acts as a "cellular thermometer." Injection of denatured, but not native, protein results in transcription of heat shock genes in Xenopus oocytes. Amino acid analogues that create abnormal proteins induce synthesis of stress protein. Biochemical conditions that alter protein conformation also affect expression of the stress response in a predictable manner. However, the most intriguing aspect of the regulation of induction of the stress proteins is that denatured proteins are both the signal that activates transcription of the stress protein genes and the substrate for the proteins themselves.
The role of stress7O and cpn6O in repair is further substantiated by their cellular localization and distribution in response to stress. Lindquist's group was the first to show that cytoplasmic stress7O moves into the nucleus in response to heat shock, where it interacts with structures such as the nucleolus, the site of ribosomal assembly, and then it returns to the cytoplasm during recovery. Hattori and colleagues showed that hsp4O responds to heat shock in a similar manner. Recently Sanders and co-workers demonstrated that cpn6O also localizes in the nucleus in response to heat shock. The nuclear localization of stress7O and cpn6O in cells subRed hot and green. Immunofluorescent micrograph shows movement of stress proteins in and out of nucleus after being subjected to heat stress.
jected to a heat-shock treatment occurs in a sequential fashion: stress7O is normally present at low levels, but two hours after heat-shock treatment it increases in the cytoplasm and associates with the nucleolus, and disperses throughout the nucleus two hours later. Within 24 hours, levels and distribution of stress7O return to normal.
While cpn6O is also normally present at low levels, in the mitochondria its abundance increases from two to eight hours after heat shock. Then, 12-24 hours after heat shock, cpn6O can be seen in the nucleus associating with the nucleolus and as discrete foci. These foci are strikingly similar to the distribution of the snRNPrich organelles called "coiled bodies," which are believed to be involved in RNA processing. The fact that these two stress proteins interact differently with complexes in the nucleus suggests that they have distinct roles in facilitating repair of different nuclear structures. Further, although both proteins interact with the nucleolus, the nucleolar association of cpn6O occurs well after stress7O has migrated from the nucleolus. This sequential interaction is suggestive of their respective roles in folding in the mitochondria. This association of stress proteins with protein complexes particularly sensitive to stress-induced Volume 102, Number 6-7, June-July 1994 539 
